The Yulong porphyry copper belt is the most significant porphyry copper belt in Tibet and is located in the Qiangtang terrane of the Himalayan-Tibetan orogen. The terrane is a collage of continental blocks joined by ophiolitic sutures and volcano-plutonic arc complexes. The Yulong belt is approximately 300 km long and 15 to 30 km wide, contains one giant, two large, and two medium-to small-sized porphyry copper deposits, and more than 20 mineralized porphyry bodies. The Yulong belt is located in the Changdu continental block that comprises Proterozoic to early Paleozoic crystalline folded basement and middle to late Paleozoic platform facies carbonate and clastic sedimentary rocks similar to the Yangtze continent. The porphyry belt is closely associated with Tertiary potassic volcanic rocks and alkali-rich intrusions in the area and controlled by northsouth-north-northwest, large-scale, strike-slip faults, which are perpendicular to the collision zone between the Indian and Asian continents. Isotopic age determinations of the ore-bearing porphyries indicate that the magmatism occurred over at least three stages, peaking around 52, 41, and 33 Ma, respectively. The timing of middle and late shallow-level emplacement of these magmas is consistent with the ages of associated potassic volcanism and alkali-rich magmatism in the area. Although the porphyry deposits in the Yulong belt were developed in the intracontinental convergent environment, their mineralization styles and features are comparable to porphyry copper deposits in arc environments.
Introduction
and Mitchell (1973) published their significant works, a widely accepted structural model for porphyry copper deposits has been developed, i.e., porphyry copper deposits occur in island arcs and continent margin arcs along convergent plate boundaries. This model has been verified by studies of a large number of porphyry copper deposits discovered in circum-Pacific metallogenic belts in the last few decades (e.g., Griffiths and Godwin, 1983; Sillitoe and Camus, 1991; Camus et al., 1996; Camus and Dilles, 2001 ). However, not all porphyry copper deposits occur in subduction orogenic environments. They also occur in continent-collision orogenic belts and in continental transform fault zones (Bowen and Gunatilaka, 1977) . Deposits in these latter environments are less well recognized and understood compared to those in the subduction-related orogenic environments.
The Yulong porphyry copper belt is the most economically significant porphyry copper belt in the region. It is up to 300 km in length and 15 to 30 km wide and hosts one giant deposit, two large deposits, and two medium-sized deposits, in addition to dozens of mineralized porphyry bodies. Although much research has been conducted on the belt (e.g., Zhou, 1980; Li et al., 1981; Ma, 1983 Ma, , 1984 Ma, , 1990 Rui et al., 1984; Liu et al., 1993; Wang et al., 1995) , there are divergent views regarding the geodynamic setting and tectonic environment of the deposits. Ma (1990) and Rui et al. (1984) argued that the Yulong porphyry copper deposit was formed in an islandarc environment analogous to the Andean porphyry copper deposits. Chen and Liao (1983) and Wang et al. (1995) considered that the Yulong deposit occurred in an intracontinental environment and is related to a strike-slip fault zone. New evidence in this paper indicates that the Yulong porphyry copper belt was formed during tectonism associated with the Himalayan-Tibetan collisional orogeny. A compilation of new and previously published age data shows that ore-bearing porphyries were not emplaced in a Permian continental margin arc environment. Rather, they were developed in a Tertiary intracontinental convergent environment related to the collision and uplift of the Tibetan plateau. This paper describes the regional geologic setting of the belt and discusses the ore-forming environment and possible structural controls on the porphyry copper belt, based on the latest observations in the Tibetan plateau and adjacent areas.
Regional Geology

Tectonic setting
The Yulong porphyry copper belt is located in the Qiangtang terrane of the Himalayan-Tibetan orogen ( Fig. 1 ; Chang and Zheng, 1973; Allegre et al., 1984; Sengor and Natalin, 1996; Yin and Harrison, 2000) . The tectonic evolution of the Qiangtang terrane is important for understanding the genesis of the ore-bearing porphyry intrusions and the tectonic constraints on the porphyry copper belt and is described briefly below.
The Qiangtang terrane is bound by the Jinshajiang and Bangonghu-Nujiang sutures ( Fig. 1 ) and extends northward for several hundreds of kilometers to the Karakunlun Mountains. The western segment of the terrane is characterized by development of high-pressure metamorphic rocks and contains late Paleozoic marine strata, whereas the eastern segment contains Triassic-Jurassic shallow-marine carbonate and arc volcano-sedimentary sequences (Liu, 1988) . In eastern Tibet the Qiangtang terrane comprises the Changdu-Simao continental block and two volcano-plutonic arcs (JWA = Jiangda-Weixi arc; ZJA = Zugong-Jinghong arc; Fig. 2a ). The terrane is bounded by two Paleozoic sutures ( Fig. 2a ; Liu et al., 1993; Mo et al., 1993; Hou et al., 1999) . The ChangduSimao continental block consists of a folded crystalline basement of Proterozoic and lower Paleozoic age. The Proterozoic crystalline basement is 2,000 to 5,000 m thick and composed predominately of lower amphibolite facies (1594 ( -2200 and upper greenschist facies metamorphic rocks (876-999 Ma; Wang et al., 2000) . The lower Paleozoic folded basement consists of Middle to Lower Ordovician rocks, mainly lowgrade, flyschoid metamorphic sandy slate and carbonates. Devonian to Permian cover rocks are widespread in the study area and contain a 3,000-m-thick suite of platform transitional facies carbonate and clastic sedimentary rocks. On the eastern side of the continental block, the Permian Jiangda-Weixi arc, a volcano-sedimentary sequence related to the Jinshajiang suture (Liu et al., 1993; Mo et al., 1993; Li et al., 1999) , is unconformably covered by an Upper Triassic flyschoid complex and is locally overthrust onto folded crystalline basement. On the western side of the continental block, the Permian Zuogong-Jinghong arc volcanic sequence, which is a product of eastward subduction of the Lancangjiang oceanic slab (Liu et al., 1993; Mo et al., 1993) , is covered by a 3,000-m-thick sequence of basal molasses-type clastic rocks, platform facies carbonate rocks, and coal-bearing sedimentary rocks (Wang et al., 2000) .
The Lhasa terrane, to the west of Qiangtang, is bounded by the Bangonghu-Nujiang suture ( Fig. 1 ; Chang and Zheng, 1973; Allegere et al., 1984; Dewey, 1988; Pierce and Mei, 1988) . This terrane has been shortened about 180 km by the India-Asia collision since about 70 Ma (Murphy et al., 1997; Yin and Harrison, 2000) . The Gangdese volcano-magmatic arc, consisting of late Paleocene and early Eocene calc-alkaline volcanic rocks and Cretaceous and early Tertiary granite batholiths, was developed along the southern margin of the terrane (Fig. 1) . The Songpan-Ganze-Hoh Xil terrane, to the north of Qiangtang, is characterized by a Triassic marine sedimentary sequence that is over 3,000 m in thickness and crosscut by numerous thrusts ( Fig. 1 ; Rao et al., 1987; Burchfiel et al., 1995) . The Late Triassic Yidun arc, to the east of Qiangtang, a product of westward subduction of the Paleozoic Garze-Litang oceanic slab (Hou, 1993; Hou et al., 1995 Hou et al., , 2001 , developed in the southern end of the terrane (Fig. 1) .
The Songpan-Ganze-Hoh Xil terrane, to the north of Qiangtang, is characterized by a Triassic marine sedimentary sequence that is over 3,000 m in thickness and crosscut by numerous thrusts ( Fig. 1 ; Rao et al., 1987; Burchfiel et al., 1995) . In the southern end of the terrane, the Late Triassic Yidun arc, a product of westward subduction of the Paleozoic Songpan-Garze-Litang oceanic slab, was developed (Hou, 1993; Hou et al., 1995 Hou et al., , 2001 ). Owing to Indian-Asian continent collision since the Paleocene, the terrane was subducted southward underneath the Qiangtang terrane (Yin and Harrison, 2000) , along the Jinsha suture, which was formed by southwestward subduction of the Paleozoic Jinshajiang oceanic plate during the Permian period (Liu et al., 1993) .
Structural geology
Since 70 Ma, the Indian-Asian continental convergence and collision (Yin and Harrison, 2000; Zhong, et al., 2000) has been accommodated by the extensive development of a series of large-scale left-lateral strike-slip faults to the east of the Tibetan plateau. Examples of these are the Kunlun, Xianshuihe, Honghe, and Gaoligong faults ( Fig. 1 ; Tapponnier and Molnar, 1976; Molnar and Tapponnier, 1978; Peltzer and Tapponnier, 1988; England and Molnar, 1990) . The Honghe fault was a Tertiary left-lateral strike-slip fault, though current motion appears to be dextral (Dewey, 1988) . The 500-km-long Ailaoshan-Diancangshan metamorphic belt formed along the Honghe fault (Tapponnier et al., 1990; Leloup et al., 1995) and contains the alkali-rich intrusions. Extensive strike-slip movement along this sinistral shear belt at about 23 Ma displaced the Indochina block at least 500 km southeastward against South China (Tapponnier et al., 1990) . Owing to the north-striking right-lateral shearing and northeast-southwest compression, the upper crustal plates among these three faults were rotated clockwise at 12°/m.y. and were latitudinally shortened by 1,000 m/m.y. (England and Molnar, 1990) .
The Paleocene-Eocene Asian-Indian continental collision resulted in the Jinshajiang strike-slip fault system, which strikes roughly orthogonal to the orientation of convergence (Fig. 1) . The fault system is composed of a series of strike-slip faults, including the Chesuo, Wenquan, and Tuoba faults within the Changdu-Simao continental block (Figs. 2, 3 ). Right-lateral movement along the Wenquan fault produced a set of associated northwest-north-northwest-trending en echelon folds and compressional sinistral faults that intersect the Wenquan fault at acute angles, and these appear to have controlled development of the Yulong porphyry copper belt (Fig.  3) .
Geology of the Porphyry Belt
Spatial distribution of porphyry intrusions
Over 100 Himalayan porphyry intrusions are recognized in the Changdu-Simao continental block (Tang and Luo, 1995) . The block is bordered by several strike-slip pull-apart basins, the Gonjo basin on the eastern side, and the Nangqen and Lawu basins on the western side (Fig. 2) . Within the basins there is a more than 4,000-m-thick, Tertiary gypsum-bearing red molasse formation intercalated with alkaline volcanic rocks that have K-Ar ages varying from 42.4 to 37.5 Ma (Fig. 2b , Table 1 ; Zhang and Xie, 1997; Wang et al., 2000) .
The Himalayan porphyry intrusions are divided into two belts. The first one is the 200-km-wide × 1,500-km-long Yulong mineralized porphyry belt that contains over 20 porphyry bodies (Fig. 2b) . The second is a 250-km-long, alkali-rich intrusion belt, which is part of the 1,000-km-long JinshajiangHonghe belt farther south (Zhang and Xie, 1997) . The Yulong porphyry bodies are typically emplaced into Triassic volcanic and sedimentary sequences and have relatively shallow emplacement depths, generally 1 to 3 km from the paleosurface.
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0361-0128/98/000/000-00 $6.00 128 FIG. 2. Tectonic framework and spatial distribution of two porphyry belts in the Changdu-Simao continent block, eastern Tibet. The inset map in the left lower corner (a) shows the tectonic framework of the region that includes a collage of the continental blocks joined by ophiolitic sutures and magmatic arcs (Liu et al., 1993) . The porphyries located in the ChangduSimao continental block constitute two belts, the Yulong porphyry belt and the Ritong-Mamupu alkali-rich porphyry belt. Table 2 summarizes the geologic and mineralization features of several typical porphyry intrusions. The porphyry bodies commonly form steeply dipping vertical pipes with small outcrop areas of less than 1 km 2 for individual bodies. Cryptoexplosive pipes and explosive breccias are commonly developed around the mineralized porphyry bodies. The clastic rocks in these breccia pipes consist predominately of magmatic detritus hosted within a tourmaline-rich matrix (20-25%) with subordinate quartz. Sulfide-bearing quartz veins, containing abundant tourmaline, typically occur within or around the breccia pipes and crosscut the tourmaline-rich breccias. These breccia bodies suggest that the boiling and Liu et al., 1993) . The Yulong ore-bearing porphyry belt is mainly controlled by a set of the secondary north-northwest-directed sinistral strike-slip faults and folds derived from the Wenquan strike-slip fault. The boxed area in the left lower corner shows the series of strike-slip faults, such as the Chesuo, Wenquan, and Tuoba faults. These faults resulted in the formation of the strike-slip pull-apart basins such as the Gonjo, Nangqen, and Lawu basins. CFS and LCJF are the major bounding faults of the Changdu-Simao block and adjacent magmatic arcs. (unpub. data, 1995) Note: Whole-rock and mineral samples in this study were analyzed for K-Ar and Rb-Sr isochron age methods at Chengdu Institute of Technology, Chengdu (after Wang et al., 2000) (1995) degassing of the magmatic-hydrothermal systems occurred at a relatively shallow depth.
Ages of porphyry intrusions
Although the porphyry intrusions in the Yulong belt are of small size and volume, they typically comprise complex multiphase intrusions. K-Ar dating of the Yulong porphyry belt has delineated three main periods of emplacement: 55.0 to 48.2, 44.0 to 35.8, and 34.0 to 33.7 Ma (Table 1) . These correspond to three peaks at 52 ± 2.8, 40 ± 2.3, and 33 ± 3.3 Ma, respectively (Fig. 4) Ar dating of igneous biotite yielded an age of 52.84 ± 1.68 Ma (Ma, 1990) . Zircons from monzogranite porphyries at Duoxiasongduo also yielded two U-Pb ages of 52 and 41 Ma (Tang and Luo, 1995) . Monzogranite porphyry at Malasongduo yielded zircon U-Pb ages of 40.9 and 33.7 Ma (Ma, 1990) . These results indicate that ore-hosting porphyry intrusions were emplaced during all three of the main periods of magmatism in the Yulong belt (Fig. 4) . The porphyry intrusions at Yulong and Duoxiasongduo were emplaced in the early (~52 Ma) and middle (~40 Ma) stages. Those in Ridanguo, Hengxingcuo, Mangzong, Gegongnong, and Mamupu were emplaced around 40 Ma, whereas those in Zhanaga were emplaced relatively late, during the middle and late (~33 Ma) stages.
Mineralization of the Porphyry Belt
The Yulong belt is the most important porphyry copper belt in Tibet. It was discovered and subsequently explored during the 1970s and 1980s. Over 80 drill holes, totaling more than 20,000 m had been completed for the Yulong belt by the Team 1 of the Xizang Bureau of Geology and Mineral Resources. The preliminary evaluation shows that the porphyry Cu belt contains reserves of over 10 million metric tons (Mt) of contained copper, including one giant (Yulong), two large (Malasongduo and Duoxiasongduo), and two intermediate to small copper deposits (Table 2) .
Yulong Cu deposit
The 630 Mt Yulong copper deposit is the largest deposit in the Yulong belt. It has reserves of over 6.22 Mt contained copper, averaging 0.99 percent Cu and 0.028 percent Mo (Tang and Luo, 1995) . High-grade zones within the deposit contain about ~3 Mt of copper with a grade of over 1 percent (including supergene enriched zones with up to 13.7% Cu).
Geology and alteration: The Yulong porphyry intrusion (1,000 × 600 × 850 m) is a complex multiphase intrusion with individual intrusive phases between 55 and 38 Ma ( Table  1 ). The dominant host rock to mineralization is a strongly altered monzogranite porphyry. Concentric alteration zones range from an inner K silicate zone out through quartzsericite and argillic alteration zones to an outer propylitic zone (Fig. 5) . K silicate alteration is typically developed within the porphyry intrusion and is characterized by large amounts of secondary quartz and potassic feldspar. Quartzsericite alteration zones occur as fine-grained replacements of original rock constituents with associated quartz veinlets and have been developed along the margins of the porphyry intrusion, typically inside the contact zone. Quartz-sericite alteration is superimposed on the K silicate alteration and grades into an outer zone of advanced argillic alteration in which kaolinite group minerals and quartz predominate. A propylitic alteration zone is present in the strata surrounding the intrusions and the quartz-sericite zone and is characterized by large amounts of chlorite, epidote, and tourmaline (Fig. 5) . These hydrothermal alteration zones have locally overprinted earlier formed contact metamorphic zones that show a crude zonation from inner hornfels, through to skarn alteration, and marble on the margins (Fig. 5) .
Mineralization styles and orebody shape: The Yulong deposit consists of a pipelike orebody hosted in the porphyry intrusion and an overlying stratiform or tabular ore zone that is hosted in the thermally metamorphosed strata surrounding the intrusion (Fig. 6a) . At least three styles of mineralization have been recognized in the deposit. These form concentric zones that surround the inner potassic intrusive core. The first style is veinlet-disseminated quartz-pyrite-chalcopyrite in the interior of the porphyry intrusion. The mineralization forms a pipelike, steeply dipping orebody, 1,000 m long, 600 m wide, and about 500 m deep (Fig. 6a) . Pockets of high-grade Cu-Mo mineralization typically occur within the center of this zone, whereas lower Cu-Mo grades (2.0% Cu and 0.06% Mo) occur along the margins of the body (Fig. 6a) . The second mineralization style consists predominantly of fine-veinlet pyrite-chalcopyrite or pyrite-chalcopyrite-molybdenite ores that form steeply dipping orebodies hosted within the hornfels zone between the porphyry intrusion and the surrounding wall rocks (Fig. 6a) . The third mineralization style occurs within a ringshaped halo of stratiform or lenticular replacement orebodies hosted in the Late Triassic strata surrounding the porphyry intrusion (Fig. 6a) . The orebodies are gently dipping and are about 200 to 300 m wide and 20 to 100 m thick, thinning outward from the porphyry intrusion to the wall rocks. These orebodies have been oxidized, with supergene enrichment zones containing Cu grades of up to 13 percent (Tang and Luo, 1995) .
Three main hydrothermal stages are recognized (Li et al., 1981; Rui et al., 1984) : (1) an early K silicate alteration stage (400°-700°C), in which the porphyry intrusions underwent strong potassic alteration and silicification while the surrounding host rocks were metamorphosed and altered to skarn associated with Cu-Mo mineralization; (2) a stage of quartz-sericite alteration (200°-500°C) with associated CuMo-Fe mineralization; and (3) a final stage (~230°C) of argillic and propylitic alteration, which developed in the contact zone and in the surrounding Late Triassic sedimentary strata, with associated hydrothermal Au-Ag polymetallic mineralization (Rui et al., 1984; Tang and Luo, 1995) . The mineral assemblages for these stages are pyrite + chalcopyrite + molybdenite + magnetite in the veinlet-disseminated ores formed during the K silicate alteration stage; pyrite + chalcopyrite + magnetite + ilmenite with minor molybdenite, bismuthinite, and covellite for lenticular orebodies in skarns during middle-late stages; and pyrite + chalcopyrite + galena + sphalerite for the sulfide mineralization in Late Triassic sedimentary sequence far from the porphyry intrusions. Minor amounts of bornite, cubanite, gold, silver, and tetrahedrite ores are also found within the porphyry copper deposits (Table 2) .
Malasongduo Cu deposit
The 230 Mt Malasongduo deposit is the second largest porphyry copper deposit in the Yulong porphyry copper belt, with contained copper reserves of about 1.0 Mt averaging 0.44 percent Cu (Tang and Luo, 1995) . The deposit is located on the southwest flank of the core of the Malasongduo anticline (Fig. 3) and consists of a mineralized multistage porphyry body that has intruded Early Triassic rhyolite lava and pyroclastic rocks. Owing to the limited erosion in the area, the outcrop expression of the deposit is only about 0.1 km 2 (Fig.  6b) .
Geology and alteration: The Malasongduo porphyry intrusion is a columnar, stocklike body with an age range from 51 to 34 Ma (Table 1) . The dominant mineralized phase is a monzogranite porphyry. The alteration assemblages hosted within the intrusion are similar to those at the Yulong deposit, including K silicate alteration, silicification, and sericitization. Rhyolitic units surrounding the porphyry intrusion display proximal K silicate alteration, grading to a transitional sericite-quartz zone and a distal propylitic alteration halo. The K silicate zone adjacent to the intrusion hosts significant Cu-Mo mineralization.
Mineralization styles and orebody shape: The porphyry intrusions and the surrounding rhyolitic wall rocks host veinletdisseminated pyrite-chalcopyrite ± molybdenite mineralization that forms a relatively simple, steeply dipping orebody, which is 950 m long, 800 m wide, and 690 m deep (Fig. 6b) . Mineralization is both laterally and vertically zoned. Laterally, an inner Cu zone grades to a Cu-Mo zone and an outer Ag-PbZn zone. Vertically, the orebody ranges from a veinlet-disseminated Cu ore zone at depth, to a fine veinlet Cu ore zone at shallower levels, overlain by a supergene enrichment zone (Tang and Luo, 1995) . Veinlet-disseminated Cu and Cu-Mo mineralization is hosted in the monzogranite porphyry. Minor Pb-Zn mineralization is restricted in the surrounding rhyolites.
Four generations of veinlets are recognized in the main orebody: (1) quartz sulfide veins, including quartz-pyritechalcopyrite veins, quartz-pyrite-bornite veins, and quartzchalcocite veins; (2) biotite-chalcopyrite veins; (3) calcite-sulfide veins (calcite, quartz, pyrite, and chaclopyrite); and (4) tourmaline-sulfide veins (tourmaline, quartz, chalcopyrite, pyrite, and molybdenite).
Duoxiasongduo Cu deposit
The 130 Mt Duoxiasongduo deposit is the third largest porphyry Cu deposit in the Yulong belt and contains about 0.5 Mt of Cu, grading on average 0.38 percent Cu (Tang and Luo, 1995) . The Cu porphyry intrusion is situated within the Malasongduo anticline (Fig. 3) and has intruded the Late Triassic sandstone-mudstone sequence (Fig. 6c) . The intrusion has a small outcrop area of about 0.3 km 2 owing to the limited erosion.
Geology and alteration: The Duoxoasongduo deposit occurs within a multiphase porphyry intrusion with radiometric ages ranging from 41 to 52 Ma (Table 1 ). An early monzogranite porphyry and a late-stage granite porphyry are the dominant host rocks to ore. These intrusions crosscut Late Triassic sandstone and mudstone, which have been metamorphosed to hornfels along the margins of the porphyry intrusion (Fig. 6c) . Hydrothermal alteration occurs in both the intrusive body and the surrounding hornfelsed sandstone-mudstone sequence and shows porphyry-style alteration zoning similar to the Yulong and Malasongduo deposit (Ma, 1990; Tang and Luo, 1995) . The orebody, composed of veinlet-disseminated Cu and Cu-Mo ores, is hosted in K silicate and sericite alteration.
Mineralization style and orebody shape: The mineralization at Duoxiasongduo forms a 600-m-long, 500-m-wide, and at least 570-m-deep veinlet-disseminated orebody. It is located in the southern part of the porphyry intrusion and within the surrounding hornfelsed and hydrothermally altered sandstone and mudstone units (Fig. 6c) . The orebody is pipe shaped and displays vertical zonation from Cu-Mo rich at depth to Cu rich at shallower levels. Erosion is interpreted to have removed any preexisting supergene enrichment.
Two vein styles are recognized: quartz sulfide veins and sulfide veins. Quartz sulfide veins are <2 mm wide, consisting of quartz, pyrite, chalcopyrite, and minor molybdenite, bornite, and chalcocite. Sulfide veins consist of pyrite, chalcopyrite, and minor bornite and chalcocite.
Other deposits
In addition to the three largest copper deposits described above, the Yulong belt also contains two medium-to smallsized deposits (e.g., the Zhanage and Mangzong) and dozens of minor prospects and mineralized porphyry intrusions. These deposits and occurrences, though smaller in size, still exhibit geologic features similar to the larger porphyry copper deposits (Table 2) .
Petrological and Geochemical Characteristics
According to the classification of Streckeisen and Lemaitre (1979) , the major rock types in the Yulong belt are monzogranite porphyry, quartz monzonite porphyry, syenogranite porphyry, and alkali-feldspar granite porphyry. Quartz monzonite and monzogranite porphyries are typically early emplacement phases, whereas the more evolved syenogranite porphyry and alkali-feldspar granite porphyry are typically emplaced late in the intrusive history (Zhang et al., 1998a) . The phenocryst assemblage consists of quartz, calcic hornblende, Mg-rich biotite, andesine-oligoclase, and sanidine potassic feldspar with accessory magnetite, zircon, apatite, and sphene, similar to that of I-type or magnetite series granites.
Major elements
More than 50 samples of porphyritic intrusions from the Yulong belt have been analyzed for major and trace elements by AAS and ICP-MS techniques (Ma, 1990; Tang and Luo, 1995; Zhang et al., 1998a, b) . Results for representative samples are reported in Table 3 .
A limited variation of major element compositions exists for the ore-bearing porphyries (Table 3 ). The K 2 O content increases systematically with increasing SiO 2 content from early to late porphyry phases, whereas CaO, Al 2 O 3 , MgO, and Na 2 O decrease, suggesting fractional crystallization of phenocryst minerals, i.e., hornblende, magnesian biotite, and andesine-oligoclase. Alkali enrichment (K 2 O + Na 2 O > 8 wt %) and high K 2 O/Na 2 O ratio (K 2 O/Na 2 O > 1.0) characterize the ore-bearing porphyries. The K 2 O contents vary from 4.15 to 8.06 wt percent and are much higher than those for typical calc-alkaline porphyries (e.g., Escondida deposit, Chile; Richards et al., 2001) but are lower than those of the alkalirich intrusions for similar SiO 2 concentrations from the Ritong-Mamupu belt and volcanic rocks in the Nangqen and Lawu basins (Wang et al., 2000;  Fig. 7 ). All porphyries from the Yulong belt fall in the field of the shoshonitic series, suggesting a shoshonitic magmatic affinity (Fig. 7) . Trachyte 3 Rhyolite 4
Trace elements
Trace element compositions for representative porphyries from the Yulong belt are presented in Figure 8 . Strong positive anomalies for Rb and Ba relative to oceanic ridge granites (ORG, Fig. 8a ; Pearce et al., 1984) , combined with higher contents of K 2 O (4.15-8.06 wt %) and Rb (203-315 ppm) compared to those of arc calc-alkaline ore-bearing porphyries in the Escondida district, northern Chile (K 2 O = 2.13-3.17 wt %; Rb = 52-140 ppm; Richards et al., 2001) , support a shoshonitic magmatic affinity. The enrichment in large ion lithophile elements (LILE; K, Rb, Ba) suggests that either the source of the porphyry magma was highly enriched in LILE compared to the oceanic ridge granites or represents a mixture of mantle and crustal materials. The concentrations of high field strength elements (HFSE; Zr, Hf, Nb, Ta, Ti, U, and Th) are close to or lower than those of the oceanic ridge granites (Fig. 8a) . Of these, the Zr and Hf contents vary from 90 to 148 and 5 to 19 ppm, respectively, slightly lower than those of the oceanic ridge granites, whereas the Nb content varies from 6 to 18 ppm, similar to those of the oceanic ridge granites. This implies that the amount of crustal materials that either mixed with a mantle source or contaminated the ascending porphyry magma was small, because crustal materials are extremely enriched in Nb and Ta (Miyashiro, 1977; Bonin et al., 1978) .
Strong negative anomalies for Nb, Ta, P, and Ti and positive anomalies for Pb, Th, Rb and Ba (Fig. 8b) suggest an arc magmatic affinity for the Yulong belt porphyries (e.g., Nakamura, 1985) . Rare earth element (REE) patterns for the Yulong porphyries are consistent with their shoshonitic character, with light REE enrichment (Ce/Yb = 54.1-109.1; Fig. 9 ). Relatively depleted patterns for the middle REE and slight to moderate negative Eu anomalies suggest fractionation of hornblende and plagioclase during differentiation of these felsic magmas.
Overall, these data suggest that the shoshonitic magmatic affinity of the ore-bearing porphyries is most likely related to some component of slab subduction, though they were emplaced in an intracontinental convergent setting. Compared to the porphyries from the Yulong and Litong-Mamupu belts, the potassic volcanic rocks in the Nangqen and Lawu basins exhibit similar REE patterns with slightly enriched LREE (Fig. 9b, c) and trace element abundance patterns but much stronger positive anomalies for K, Rb, and Ba (Table 3) . This suggests either a difference in the degree of partial melting from a common source or a series of magma sources, each with various degrees of metasomatic enrichment in trace elements. (Ma, 1990; Wang et al., 1995;  The diagram shows that porphyries from the Yulong belt share a shoshonitic magmatic affinity with the alkali-rich porphyries of the Ritong-Mamupu belt and potassic volcanic rocks in the Nangqen and Lawu basins but are different from the porphyries from the Cordillera belt of Chile, which have a calc-alkaline magmatic affinity (Richards et al., 2001) . CA = calc-alkaline series, K-CA = high K calcalkaline series, SH = shoshonitic series, TH = tholeiitic series.
Sr-Nd-Pb isotopes
Yulong belt yield a narrow range of values varying from 0.512427 to 0.512532 (Wang et al., 1995; Zhang et al., 1998b) , within the range of 143 Nd/ 144 Nd values for the JinshajiangHonghe alkali-rich intrusions (0.512333-0.512536; Zhang and Xie, 1997) . However, these values are lower than those of the Nangqen volcanics (0.5124727-0.512606; Sun et al., 2001) . These data indicate that the source of the Yulong porphyries is transitional between the type II enriched mantle and the Nangqen volcanic rocks and is near the mixing line between MORB and crust, similar to the alkalic intrusions of the Jinshajiang-Honghe belt (Fig. 10a) .
This suggests an enriched mantle source, modified or metasomatized by MORB-derived melts or fluids (cf. Hawkeworth and Vollmer, 1979; Hart, 1984) . Pb isotope compositions for
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0361-0128/98/000/000-00 $6.00 Pb (Zhang et al., 1998b) . Part of these porphyries fall within the type II enriched mantle field, whereas others fall within the transitional field between the type II enriched mantle field and MORB. These data support a hypothesis that the Yulong belt porphyries were derived from a source similar to type II enriched mantle but metasomatized by MORB-derived fluid (or melt), as suggested by the Sr-Nd isotope data.
Discussion
The spatial and temporal relationships and lithogeochemical characteristics of the Yulong porphyry belt reveal that (1) 140 HOU ET AL.
0361-0128/98/000/000-00 $6.00 140 Pb diagram (b) for monzonitic granite porphyries from the Yulong copper belt. DMM, HIMU, EMI and EMII represent four types of mantle end members, respectively (Zindle and Hart, 1986; Norman and Leeman, 1989) . DMM = depleted MORB mantle, HIUM = high U/Pb mantle, EMI = type I enriched mantle, EMII = type II enriched mantle. Data for Yulong porphyry belt is from Wang et al. (1995) , Ritong-Mamupu alkali-rich porphyry belt from Zhang and Xie (1997) and Zhang et al. (1998b) , and Nangqen basin volcanics from Sun et al. (2001) . Data in (b) is from Ma (1990; Yulong porphyry belt) . Nangqen basin volcanics from Zhang et al. (1998b) and Sun et al. (2001) . the mineralized porphyries occur along an intracontinental convergent zone, (2) they appear to be related to extensive strike-slip faulting along this zone, and (3) the porphyry intrusions have geochemical affinities similar to arc magmas.
Possible sources of ore-bearing porphyries
The trace element characteristics of the Yulong belt porphyries show an arc magmatic affinity and suggest a mantle source metasomatized by a hydrous fluid derived from wet subducted oceanic slab (cf. Gill, 1981; Tatsumi, 1983 Tatsumi, , 1986 . These enriched fluids are interpreted to have metasomatized the mantle wedge, resulting in not only the formation of island-arc mantle enriched in LILE, LREE, and Th, but also in the formation of H 2 O-bearing minerals in the mantle wedge. Phlogopite harzburgite xenoliths have been found in alkalirich intrusions and lamprophyres from the Litong-Mamupu belt (Huang and Wang, 1996; Huang et al., 1997) . This combined with the low TiO 2 content and high abundance of K and Rb for the Yulong porphyries supports the idea of metasomatism of the mantle source regions.
A type II enriched mantle source, with high radiogenic Sr and low nonradiogenic Nd, indicated for the Yulong belt porphyry is commonly attributed to mixed metasomatism between mantle wedge material and crustal material introduced by ancient subducted oceanic slab and sediments. The Sr, Nd, and Pb isotope compositions of the porphyries usually are a transitional zone between MORB and type II enriched mantle compositions but closer to the latter (Fig. 10) . This supports the suggestion that the porphyry magmas were derived from the enriched mantle, metasomatized by subducted slab components (H 2 O, LILE, LREE, Th, etc.).
Two candidates exist for a mantle source that may have been melted to produce the felsic magmas: subduction of the Songpan-Ganze-Hoh Xil terrane or the Jinshajiang paleooceanic crust. Yin and Harrison (2000) suggest that subduction of the Songpan-Ganze-Hoh Xil terrane (Fig 1) to the south probably accounts for the seismic structure of the Qiangtang terrane. They interpreted that potassic volcanism with an age of 20 Ma in central Tibet originated from this subducting plate. If the model is reasonable, a potassic porphyry belt associated with these potassic volcanic rocks could have developed along the subduction zone. However, no such belt exists along the northern margin of the Qiangtang terrane.
Alternatively, the development of the Permian JiangdaWeixi volcanic arc and fragments of the Jinshajiang ophiolite with U-Pb zircon ages varying from 296 to 340 Ma (Zhan et al., 1998; suggest that subduction of the Jinshajiang paleo-oceanic crust occurred beneath the Changdu continental block ( Fig. 2b ; Liu et al., 1993; Mo et al., 1993; Hou et al., 1996; . The velocity structure of the Qiangtang terrane indicates westward subduction at an angle of about 45°under the Changdu continental block (Liu et al., 2000) . This subducted slab presently lies at depths of 100 to 300 km and extends beyond the western margin of the block toward the Lahsa terrane (Zhong et al., 2000 (Zhong et al., , 2001 . This slab might have been shallower than 100 km underneath the eastern margin of the Changdu block in the Paleocene. For example, a 20-km-thick, gently dipping, high-velocity (7.881 km/s) layer occurs 50 to 60 km beneath the Dali area ( Fig. 2 ; Zhong et al., 2000 Zhong et al., , 2001 and may represent the relic subducted slab. The depth of the Yulong belt magma source is estimated to be 48 to 60 km by mineralmelt equilibrium calculation (Ma, 1990) , which is roughly the same as that for the interrupted relic slab (Zhong et al., 2000 (Zhong et al., , 2001 . Wang et al (1995) and Zhang and Xie (1997) estimated that TCHUR Nd ages of the ore-bearing porphyries and alkalirich intrusions vary from 230 to 250 Ma, according to data for the Yulong and Honghe belts. If these ages represent the age of the formation of the source, the age is identical to the age of subducted Jinshajiang oceanic slab and its likely interaction with the overlying mantle wedge.
Role of strike-slip fault system on magma genesis and emplacement
The distribution of porphyry deposits in eastern Tibet strongly suggests that a regional-scale strike-slip fault system controlled the development of the porphyry Cu belt, either directly or indirectly. This situation is broadly similar to the structural setting of porphyry Cu deposits in the Andean magmatic arcs (e.g., Camus and Dilles, 2001; Richard et al., 2001) but in a continental orogenic setting. Emplacement of the porphyry intrusions appears to have coincided with stress relaxation and a transition in the orientation of strike-slip movement. The dextral shear along the Jinshajiang strike-slip faulting system is consistent with the plate reconstruction that shows north-directed subduction of the Indian continent around 60 to 70 Ma. This collision also formed the extensive Gangdese granite belt with a peak age of about 55 Ma. These observations suggest that the stress relaxation in the Yulong region was probably related to northeastward wedging of the Indian continent during the Paleocene and Eocene. This wedging caused intense east-west compression and the conjugate strike-slip movement with an X-shaped structural knot centered just south of Yulong (Fig. 11 ). In this model, the Changdu block was displaced northward along strike-slip faults that formed a group of strike-slip extensional basins. These basins include the Gonjo basin on the eastern side of the Yulong belt and the Nangqen and Lawu basins on the western side of the Litong-Mamupu alkali-rich intrusion belt (Figs. 2, 11 ). The Gonjo basin is a dextral strike-slip pull-apart basin bounded by the Chesuo right-lateral strike-slip fault to the east (Wang et al., 2000) . The Nangqen and Lawu basins are sinistral strike-slip pull-apart basins controlled by the Tuoba left-lateral strike-slip fault (Wang et al., 2000) , with reversed shear direction. These basins contain more than 2,600-m-thick Tertiary red-bed sedimentary rocks interlayered with latitic-trachytic volcanic rocks. The ages of the potassic volcanic rocks range from 42.4 to 37.5 Ma, thus it is estimated to commence at ca. 42 Ma for the strike-slip extension that controlled the eruption of these volcanic rocks and the formation of the extensional pull-apart basins. This suggests that the period of the stress relaxation and transition, from a single dextral strike-slip fault system to a conjugate strike-slip fault zone, coincides generally with the time (ca. 36 Ma; Du et al., 1994) of the formation of porphyry copper mineralization by the Re-Os age of molybdenites (Du et al., 1994) .
Transtensional structures, such as pull-apart basins, might have facilitated the ascent and shallow-level emplacement of the porphyry-related plutons. Similar transtensional models for plutonism in arcs have been proposed to explain the spatial-temporal localization and formation of porphyry hydrothermal-magmatic systems (e.g., Lindsay et al., 1995; Richards et al., 2001 ). In the Tibetan orogen, large-scale strike-slip fault systems and associated transtensional structures not only could have provided the dilatational conduits for the emplacement of Cu porphyries and associated potassic volcanism but may also have been factors responsible for melting of a metasomatized mantle source.
Seismic profiles across the Qiangtang terrane indicate that the strike-slip faults are translithospheric and accommodated local mantle uplift, with the Moho rising about 2 to 3 km relative to the surrounding area (Fei, 1983; Tang and Luo, 1995) . This suggests that these faults probably caused the decompression of the lithosphere in the area, which induced melting of a mantle source.
Regional tectonic model for the formation of ore-bearing porphyry in the Yulong belt
The convergence and collision between the Indian and Asian continents that occurred at 60 to 70 Ma (Yin and Harrison, 2000; Zhong et al., 2001 ) resulted in the HimalayanTibetan orogen and the Gangdese collisional granite belt . A broad, north-south-trending right-lateral strikeslip fault system, perpendicular to the collision zone, developed in eastern Tibet to adjust to the collisional strain. Translithospheric faulting triggered the rise and partial melting of a hydrous, enriched source, manifested by the occurrence of Tertiary potassic basalt and trachyte in the Nangqen and Gonjo basins. The northeastward migration of the Indian continent, and subsequent collision with the Yangtze continent 142 HOU ET AL.
0361-0128/98/000/000-00 $6.00 142 FIG. 11 . Proposed strike-slip system and strike-slip pull-apart basin model for eastern Tibet (modified from Liu et al., 1983) . (a). Shows the distribution of the Himalayan strike-slip system and strike-slip pull-apart basin in the Changdu-Simao continental block. (b). A mechanical model for the strike-slip structure. (See text for discussion).
in the Eocene and later, was accompanied by the formation of the regional conjugate strike-slip fault zones (Fig. 11) . The transition from a single dextral to conjugate strike-slip shears resulted in the formation of strike-slip pull-apart basins and also permitted the ascent of a large volume of volatile-enriched felsic magma that had pooled near the base of the lithosphere. In the western Yunnan region, left-lateral strikeslip movement along the Honghe fault controlled the formation of the Honghe alkali-rich intrusion belt and the development of the Ailaoshan metamorphic belt. In eastern Tibet, the Wenquan right-lateral fault and a series of northwesttrending folds and compressional shear faults controlled the distribution of the Yulong porphyry belt (Fig. 3) .
Westward subduction of the Jinshajiang oceanic plate in the Paleozoic is thought to have played a key role in the generation of the Yulong porphyry belt. The dehydration of the subducted slab at 40 to 60 km probably produced an H 2 O-rich fluid that was enriched in LILE, LREE, and Th (Tatsumi, 1983 (Tatsumi, , 1986 . The fluid moved upward and metasomatized the mantle wedge to form the source for the Jiangda-Weixi magmas. Magmas generated from the partial melting of the metasomatized mantle wedge subsequently mixed with melt derived from the subducted slab to form a unique source for the Yulong granite porphyry magmas.
Comparison to other deposits in the world
The alteration and mineralization geometries and assemblages of the Yulong belt deposits are similar to those observed in the porphyry and related copper-gold deposits in the western Pacific region (e.g., Sillitoe, 1979 Sillitoe, , 1989 Sillitoe, , 2000 . Most of these deposits have magnetite-bearing K silicate alteration associated with copper mineralization and are gold rich (e.g., Panguna, Papua New Guinea: Eastoe, 1978 Eastoe, , 1982 Ford, 1978; Far Southeast-Lepanto, Philippines: Hedenquist et al., 1998; Grasberg, Indonesia: McDonald and Arnold, 1994 ; Bajo de la Alumbrera, Argentina: . Appreciable amounts (up to 0.35 ppm) of gold within the K silicate assemblage also have been observed in the Yulong belt ( Table 2) . Telescoping of alteration assemblages and formation of chalcocite blankets are also features of the Ceno-Mesozoic porphyry-related copper deposits in the western Asia-Pacific region (e.g., Sillitoe, 1989; Ojeda, 1990; Kyaw Win and Kirwin, 1998; Peng et al., 1998; Khin Zaw et al., 1999; Perello et al., 2001 ). Many of the enrichment blankets are interpreted to have formed in response to regional synmineralization tectonic uplift (Maksaev and Zentilli, 1999) . However, such similar supergene zones and overprinting of porphyry-style alteration by epithermal assemblages have not been observed in the Yulong belt. The lack of overprinting by epithermal assemblages and telescoping of alteration assemblages may suggest that there was not significant tectonic uplift during the lifetime of the Yulong systems.
Conclusions
The Yulong porphyry copper belt in eastern Tibet is tectonically located in the Qiangtang terrane of the HimalayanTibetan orogen. It is controlled by the Jinshajiang strike-slip fault system that was formed by the convergence and collision between the Asia and Indian continents at 60 to 70 Ma and strikes roughly orthogonal to the convergent zone.
The mineralized porphyries are characterized by high K 2 O and enrichment in LILE (K, Rb, Ba), LREE, and Th, suggesting a shoshonitic magma affinity. Geochemical analysis and Sr-Nd-Pb isotope data indicate that these felsic magmas evolved to increasingly felsic and volatile-rich compositions by fractional crystallization and were mainly derived from a hydrous, enriched mantle source that was metasomatized by subducted oceanic slab components (e.g., H 2 O, K, Rb, Ba, LREE, and Th). The oceanic slab is probably the Jinshajiang oceanic plate during the Paleozoic.
The timing of Cu-bearing porphyry emplacement (33-54 Ma) with respect to regional structural evolution suggests that plutonism occurred in response to the stress relaxation and transition from a single dextral strike-slip fault system to a system of conjugate strike-slip fault zones with the formation of strike-slip pull-apart basins that facilitated the rise of a large volume of volatile-enriched melt. The same faults may also have caused the uplift of the mantle and the decompression that caused the partial melting of the source.
